Recent results from the AMS-02 data have confirmed that the cosmic ray positron fraction increases with energy between 10 and 200 GeV. This quantity should not exceed 50%, and it is hence expected that it will either converge towards 50% or fall. We study the possibility that future data may show the positron fraction dropping down abruptly to the level expected with only secondary production, and forecast the implications of such a feature in term of possible injection mechanisms that include both dark matter and pulsars. Were a sharp steepening to be found, rather surprisingly, we conclude that pulsar models would do at least as well as dark matter scenarios in terms of accounting for any spectral cut-off.
INTRODUCTION
The positron fraction, that is, the flux of cosmic-ray positrons divided by the flux of electrons and positrons, has attracted much interest since the publication of the results of the PAMELA satellite (Adriani et al. 2009 (Adriani et al. , 2013 . PAMELA has indeed reported an anomalous rise in the positron fraction with energy, between 10 and 200 GeV. These measurements have been confirmed recently by AMS-02 (Aguilar et al. 2013) . The intriguing question is what may happen next? The positron fraction must either saturate or decline. In the latter case, how abrupt a decline might we expect? The naive expectation is that a dark matter self-annihilation interpretation, bounded by the particle rest mass, should inevitably generate a sharper cut-off than any astrophysical model. Antiparticles are rare among cosmic rays, and can be produced as secondary particles by cosmic ray nuclei while they propagate and interact in the interstellar medium. The sharp increase observed in the positron fraction is however barely compatible with the most simple models of secondary production. Various alternatives have been proposed, such as a modification of the propagation model (Katz et al. 2009; Blum et al. 2013) , or primary positron production scenarios, with pulsars (e.g., Grasso et al. 2009; Hooper et al. 2009; Delahaye et al. 2010; Blasi & Amato 2011; Linden & Profumo 2013) or dark matter annihilation (e.g., Delahaye et al. 2008; Arkani-Hamed et al. 2009; Cholis et al. 2009; Cirelli & Panci 2009) as sources. The current data and the uncertainties inherent in the source models do not yet enable us to rule out these scenarios. It is however likely that improved sensitivities at higher energies and a thorough measurement of the shape of the spectrum above ∼ 200 GeV will be able to constrain the models. This question has been studied in earlier work (see for instance Ioka 2010; Kawanaka et al. 2010; Pato et al. 2010; Mauro et al. 2014 ); here we want to test more specifically the possibility of a sharp drop of the positron fraction. An original aspect of our work is to also convolve our results with the cosmic-ray production parameter space for pulsars allowed by theory.
The AMS-02 data presents a hint of flattening in the positron fraction above 250 GeV. Such a feature is expected, as the positron fraction should not exceed 0.5, and hence it should either converge towards 0.5 or start decreasing. We investigate in this paper the following question: what constraints could we put on dark matter annihilation and primary pulsar scenarios if the next AMS-02 data release were to show a sharply dropping positron fraction? A sharp drop could be deemed natural if the positron excess originates from the annihilation of dark matter particles with a mass of several hundred GeV. However, we show in this work that such a feature would be highly constraining in terms of dark matter scenarios. More unexpectedly, we demonstrate that pulsar models could also lead to similar results for a narrow parameter space. Interestingly, we find that pulsars lying in this parameter space happen to be the only ones that would be astrophysically capable of contributing to the pair flux at this level.
In this paper, we first describe our method and our assumptions, then we analyse the dark matter and pulsar scenarios respectively. Finally, we discuss our results. Propagation parameter sets for the three representative cases discussed in Donato et al. (2001) . L is the diffusion halo size, K 0 the diffusion coefficient at 1 GeV, and δ the diffusion coefficient power law index:
In order to mimic a sharp drop in the positron fraction measurements, we generate two sets of mock data by extrapolating the AMS-02 data points at higher energies. We assume that the flux keeps rising up to 350 GeV and 600 GeV respectively, and then drops to the level expected for a flux produced purely by secondary cosmic rays (see Fig. 1 ). The relative error bars are assumed to be the same as the last published bin until the possible drop and to increase by 50% 7 at each energy bin after the drop, where the statistics will necessarily be lower for some years. We deliberately adopt such a sharp drop to test the sharpest situation possible that is commonly considered as a dark matter smoking gun.
To fit this mock data, three components can be considered: i) a standard underlying secondary flux (produced by interactions of primary cosmic rays in the interstellar medium, and inferred from observed cosmicray fluxes), ii) far away pulsars likely to contribute to the electron and positron fluxes between a couple of GeV and ∼150 GeV (Delahaye et al. 2010) , iii) in addition, one can add the contribution of another primary electron and positron flux, coming either from a single nearby pulsar or from the Galactic dark matter halo.
We compute the flux and distribution of primary and secondary cosmic rays in the Galaxy following the commonly used two-zone diffusion model, where the stars and Interstellar Medium (ISM) lie in an infinitely thin disk embedded in a large diffusion halo of chaotic magnetic field. Once in the diffusion zone, cosmic rays suffer diffusion, energy losses (mainly inverse Compton and synchrotron; note that Klein-Nishina effects are here taken into account), spallation on the ISM, convection and reacceleration. The latter two effects have not been taken into account here, as they impact only low energy electrons and we are interested here in energies above ∼200 GeV. The various parameters that quantify these phenomena are not known from first principles and must be constrained by data, such as the boron-to-carbon ratio, that is not sensitive to source modeling. As Maurin et al. (2001) has shown, the parameter space compatible with the data is very large and translates into an equally large uncertainty on the expected positron and electron fluxes that should be sized correctly (Delahaye 7 This choice of 50% is arbitrary. Indeed it is difficult to estimate what will be the error bars of future data as the AMS-02 collaboration has not yet published estimates of their systematics. Also, the statistical errors will depend on the electron background and on the choice of the collaboration for the energy binning. We have tested the effects of being more conservative and not increasing the relative errors does not change our results. (Aguilar et al. 2013) , above this energy, the bins are mock data. The lines correspond respectively to dark matter annihilating into e + e − or µ + µ − or to a pulsar with injection spectrum parameter of 1, 1.5 or 2. Note that for the pulsar cases, a smooth distribution of far away pulsars, with the same injection spectrum (but a lower cut-off) has been added to reproduce the data at intermediate energies (10 to 150 GeV). et al. 2008, 2009 ). In order to account for this spread, we will discuss our scenarios within three sets of representative parameters labelled min, med and max in Donato et al. (2004) (Table 1 ).
For each of the three propagation parameter sets, we have calculated the underlying secondary positron flux (channel i) as in Ref. Delahaye et al. (2009) . In this study, we have chosen to use the primary proton and α fluxes given by Donato et al. (2009) and the production cross-sections of Kamae et al. (2006 Kamae et al. ( , 2007 ; other choices are possible but such a parameter scan is not within the scope of this paper. The electron injection flux is set to follow a power-law that gives a good overall fit to the PAMELA electron data, as well as to the AMS-02 positron fraction data below 5 GeV. Note that electrons are mainly primary cosmic-rays and are hence less straightforward to model than positrons.
For illustrative purposes, in the pulsar case, we have overlaid a second component of distant pulsars (channel ii), following the spatial distribution of Lorimer (2004) . We use the the same injection power-law as in channel i, but with a lower cut-off energy, set to minimize the χ 2 between 10 and 150 GeV. This has no impact on the results as this quantity is added after the parameters of the local pulsars are set. A similar exercise could be done for the dark matter scenario by adding flatter annihilation channels like
At the highest energies, we overlay the contribution of an additional primary flux (channel iii) due to either a dark matter halo, or a single nearby pulsar. For the Dark Matter halo scenario, we have restricted our discussion to the two cases where dark matter fully annihilates into electron and muon pairs. Indeed the other annihilation channels do not lead to a sharp electron spectrum. The annihilation cross-section and the mass of the dark matter particle are left free. We assumed a NFW profile for the halo, but the choice of the profile does not affect much the result. As shown by Delahaye et al. (2008) , positrons suffer energy losses in the Galaxy and the flux measured at the Earth cannot be affected by the exact dark matter distribution at the Galactic Centre.
In the pulsar scenario, we assume an injection at the single nearby source of the form Q(E) = Q 0 E −σ exp(−E/E c ) with E c the cut-off energy and Q 0 defined via the total energy E tot = EQ(E) dE integrated between E min = 0.1 GeV and E max = 10 E c . For the spectral index σ, we have considered 3 benchmark values (see section 4): 1.0, 1.5 and 2.0. The maximum energy E c , the total injected energy E tot , as well as the time of injection (pulsar age) and the distance between the source and the Earth are left as free parameters.
Considering that between a couple of GeV and ∼150 GeV, far away pulsars could contribute (channel ii), we have required our additional primary source to give a good fit above 150 GeV only (i.e. the four highest energy bins of the AMS-02 data and the four mock data points generated as explained previously). The source parameters are then scanned over until the χ 2 is minimised. For each case, we also have computed the maximal value of the anisotropy in order to check that it always remained lower than the maximal value set by AMS-02: 0.036. The best fit results are shown in Tables 2 and 3. Concerning the anisotropy, one might note that the choice of the AMS-02 collaboration to give the anisotropy of the positron ratio ∆ (the flux of positron divided by the flux of negative electrons only) instead of the anisotropy in the positron flux (noted A in the next section) is surprising, as it is less constraining, compared to individual anisotropies. Indeed, whatever the source of the positron excess it should produce electrons in the same quantity and hence the anisotropy of the positron ratio is expected to be small, even when the positron flux is very anisotropic. Best χ 2 for pulsar scenarios with σ = [1, 1.5, 2] (first three lines), and for dark matter scenarios, for the three propagation parameter sets defined in Table 1 for a drop energy of 350 GeV and in brackets, the corresponding highest anisotropy signal ∆ in units of 10 −4 . The number of degrees of freedom is 8. Same as Table 2 , but for a drop energy of 600 GeV. Again, the number of degrees of freedom is 8.
RESULTS
Tables 2 and 3 present the best results of our χ 2 analysis for a sharp drop of the positron fraction at 350 and 600 GeV respectively. The tables display the values of the best-fit χ 2 (together with the anisotropy signal ∆) for each benchmark case. The corresponding fluxes for the max propagation case are shown in Fig. 1. 
Dark Matter
Not very surprisingly, in the case of a dark matter annihilating solely into e + + e − it is possible to obtain a sharp drop of the positron fraction for the min and med propagation parameters. In the max case the χ 2 is less good though. Note that this annihilation channel is quite sharp on both sides of the fall and does not reproduce very well a fraction that would flatten before dropping (high case).
In the case where dark matter would annihilate into µ + + µ − , however, the fraction is smoother before the drop which gives a better result in our high case.
Note however that in all cases, the annihilation crosssections (or boost factors) required to fit the data are very high. This is already known for quite some time and raises a large number of issues concerning consistency of such a results with other observations such as antiprotons ), γ-rays (Cirelli et al. 2010) , synchrotron emission (Linden et al. 2011) etc.
Pulsars
Our best χ 2 values indicate that some scenarios exist, where single pulsars can lead to a good fit to the data. In order to better assess the allowed parameter space, we perform a broader parameter scan on the pulsar dis- In order to show only the effects of the propagation, the injection energy cut-off has been set to the very high value of 100 TeV for all the cases. Continuous, dashed and dotted lines correspond to an injection respectively of σ =1, 1.5 and 2. The fluxes displayed here are corrected by a factor E 1+σ to ease the comparison. It clearly appears that distance has little impact on the shape of the flux at high energies. One should also note that the flux coming from old pulsars drops more sharply, whatever the distance.
tance, age, and cut-off energy. Our results are presented in Figs. 3 and 4 , where the contours represent the regions where the χ 2 is lesser than the number of degrees of freedom of the fit (dark colors) and 2-σ away from the best fit value (light shades). The bottom plots in Fig. 4 display the corresponding energy injected into cosmic rays E tot , as a fraction of a typical supernova explosion energy (10 51 erg). The relevance of this energy budget is discussed in section 4.
The shape of the spectra produced by single pulsars is an intricate combination of injection parameters and propagation effects. The influence of the various quantities are discussed in detail in Delahaye et al. (2010) . Figure 2 recalls the effects of the pulsar distance and age on the observed spectral slope and high-energy cut-off.
The position of the observed cut-off in energy is set by one of the two following effects. Either it is set solely by the age of the pulsar, given an initial maximum energy E c ; the narrow horizontal bands of fixed pulsar age in Fig. 3 correspond to this effect. The higher drop-energy (600 GeV) case is naturally better fit by younger pulsars than the 350 GeV case. Or, in other cases, the observed cut-off is due to the maximum energy at which cosmic rays are accelerated, E c this gives the diagonal departure from the horizontal of Fig. 3 . One can also note from Fig. 2 that older pulsars lead to a sharper cut-off, whatever the distance.
The other parameters (distance and spectral index) govern the spread of the spectrum and its steepness, down to low energies. Shorter distances and harder spectra lead to more peaked spectra, as required for our fits. These two parameters have opposing effects on the normalization: the flux amplitude decreases with the source distance and increases for harder spectral indices. This explains why, for softer spectral indices, nearby pulsars are excluded, as they are not able to provide enough energy to account for the observed flux. For the min propagation case, large distances are excluded for this same reason, as indicated in Fig. 4 , where the fraction of injected energy saturates at 100% for large distances.
The dashed lines in Fig. 3 provide an estimate of the anisotropy (in the case where the pulsar would be the only source and would sit in the Galactic plane). This is the positron flux anisotropy, as opposed to the positron ratio reported by AMS-02. It shows that a sharp positron fraction does not necessarily imply a high anisotropy.
The diffuse cosmic-ray flux scales roughly as ∝ L/K(E), where L is the halo size and K(E) the diffusion coefficient. The min propagation case is thus intrinsically favoured energetics-wise. Additionally, this case can lead to a narrower peaked spectrum. The anisotropy of the positron flux has however an inverse scaling A ∝ K(E)/L, which explains why the anisotropy constraint is strongest for the min case, where A is largest. Note also that here all the pulsars have been considered to be in the Galactic plane but should a pulsar be above or below the plane, the anisotropy would increase, especially in the min case.
To summarize, two regimes appear from Fig. 3 : a good fit to the sharp drop requires either a relatively old pulsar (horizontal branches of the scatter plots) and then the break is set by the age of the pulsar, independently from the injection cut-off and its distance, or one requires a relatively young and nearby pulsar (diagonal branch in the upper right panel). The parameter space that enables a good fit shrinks considerably as the injection index σ increases.
DISCUSSION
In the pulsar framework, our parameter scan favours a relatively old (a few hundred kyr old) close-by source -min med max (top to bottom), injection spectral index σ = 1.0, 1.5 and 2.0 (left to right) for a sharp drop at 350 GeV (in blue) or at 600 GeV (in red). Dark areas correspond to pulsars leading to χ 2 < 8 (the number of degrees of freedom) whereas the shaded area represent the 2 − σ contours around the best fits given in Tables 2 and 3 . The blue dashed lines give an estimate of the anisotropies in the positron flux A (not in the positron fraction) induced by a unique pulsar sitting at a given distance and time. This is not a full calculation but an analytical estimate where the secondary background is neglected and the pulsar sits in the direction of the Galactic Center. The energy cut-off at injection Ec was left as a free parameter and is displayed in Fig. 4 . The purple and orange dots correspond to the existing cosmic ray sources one can find in the ATNF (Manchester et al. 2005 ) and Green (Green 2009) catalogues.
(within ∼ 1 kpc), capable of supplying at least E tot ∼ 10 47−48 erg into electrons and positrons, accelerated with a hard spectrum. This parameter scan was performed taking into account only propagation arguments. We discuss in this section how likely such a single source scenario is from an astrophysical point of view, in terms of energy budget and given the actual pulsar population.
Pair production and acceleration in pulsars happens in several steps: electrons are initially stripped off the surface of the star by strong rotation-induced electric fields and undergo electromagnetic cascading in a yet unidentified region, which could be the polar cap (Ruderman & Sutherland 1975) , the outer gap (Cheng et al. 1986 ), or the slot gap (Harding & Lai 2006 ). The produced pairs are then channelled into the pulsar magnetosphere, and can either escape following open field lines (Chi et al. 1996) , or reach the pulsar wind nebula (PWN), a shocked region at the interface between the wind and the super- -Energy cut-off at injection (top) and total energy going to cosmic-ray (bottom) for an injection spectrum σ = 1. The left-hand panels correspond to the min case and a drop at 350 GeV, whereas the right-hand panels are for a drop at 600 GeV and the max propagation parameters.
nova ejecta, where particles can be further accelerated to high energies.
Most pulsars are born with rotation periods ∼ 300 ms (Lorimer 2008) , which implies a rotational energy budget of ∼ 10 46−47 erg. Unless a fair fraction of the supernova ejecta energy is injected into particle kinetic energy, it is thus difficult to account for E tot ∼ 10 47−48 erg required to fit the observed flux for the majority of pulsars. Pulsars that could supply this amount of energy should thus be rare sources, either because they need to spin faster, or because the conversion of the ejecta energy into particle kinetic energy has to be highly efficient.
As long as the pulsar wind is embedded in the supernova remnant, the accelerated pairs lose energy adiabatically via expansion and radiatively via interactions with the magnetic and radiative fields. Blasi & Amato (2011) shows however that accelerated pairs can escape in the interstellar medium if they are liberated after the pulsar escapes the parent supernova remnant. This event typically occurs 50 kyr after the initial blast, as can be estimated by assuming an average birth kick velocity of the pulsar. Thus pulsars younger than this age would be naturally ruled out as contributors to the rising positron flux, as they would not have escaped the remnant yet, and accelerated particles would be trapped.
On the other hand, older pulsars cannot contribute to the high-energy end of the spectrum either, because of propagation effects (Fig. 2) . Positrons produced by these sources would pile-up at intermediate energies (channel ii, mentioned in section 2).
From Fig. 4 , one can see that the bulk of the more distant pulsars 1 kpc demand that an (unreasonably) large energy budget be channelled into cosmic rays. A typical pulsar beyond 1 kpc can contribute at a level of < 1% of the flux of a more nearby pulsar, and hundreds of sources would be needed to reach the same level of flux as one pulsar at a distance closer than 1 kpc. Note also that most of these far away pulsars have an injection cut-off E c that is lower than the observed cut-off. This surprising fact can happen because the injection cut-off has been set as an exponential function, and this means that some cosmic rays are also accelerated to higher energies. However this would also mean that these pulsars will become much brighter in the future when the cosmic rays with energies below the cut-off will finally reach us. This makes these source even more unlikely to explain a sharp drop of the positron fraction.
The anisotropy of the positron flux A should be stronger than that of the positron ratio ∆ on which AMS-02 set an upper limit of 0.036 and hence could be more constraining if detected. However it is not clear that even in the case of a bright source dominating the signal that it would be strong enough to impose a strong conclusion. The energy dependence of A could help as we expect the anisotropy to increase together with the flux in the case of a single pulsar dominating the signal, whereas if the dark matter halo were to dominate, the anisotropy could decrease while the flux increases. This is all the more true if the propagation parameters are close to those of min, as this would increase the energy dependence of the anisotropy. The direction of the anisotropy could also be useful if the pulsar or pulsars responsible for the signal are not in the direction of the Galactic Center. Indeed the pulsar scenario would ultimately be satisfactory only if the brightest pulsar is actually identified and detected.
Finally, the energy spectrum injected by a single pulsar depends on the environmental parameters of the pulsar. The toy model of unipolar induction acceleration in pulsars would lead to a hard spectral slope of index σ ∼ 1 (Shapiro & Teukolsky 1983) . More detailed models by Kennel & Coroniti (1984) suggest that the pair injection spectrum into the pulsar wind nebula should present a Maxwellian distribution due to the transformation of the bulk kinetic energy of the wind into thermal energy, and a non-thermal power-law tail formed by pairs accelerated at the shock. Hybrid and particle-in-cell (PIC) simulations show indeed such a behaviour (e.g., Bennett & Ellison 1995; Dieckmann & Bret 2009; Spitkovsky 2008) , and the latest PIC simulations indicate a relatively hard spectral slope σ ∼ 1.5 (Sironi & Spitkovsky 2011) due to acceleration by reconnection in the striped wind.
All these arguments demonstrate that the narrow parameter space pointed out by our scan is astrophysically justified a posteriori. Because such sources should be rare, it is consistent that not more than one of them would be currently operating. The dots in Fig. 3 confirm indeed that existing pulsars present in the allowed parameter region are scarce.
In this work, we have considered the possibility that future AMS-02 data may show a positron fraction dropping down abruptly to the level expected with only sec-ondary production, and forecast the implications of such a feature in term of possible injection mechanisms that include both dark matter and pulsars. We have shown that dark matter scenarios would then have to face strong constraints to fit the spectral shape successfully. Pulsar models could also lead to similar results for a narrow parameter space. Interestingly, we have argued that pulsars lying in this parameter space happen to be the only ones that would be astrophysically capable of contributing to the pair flux at this level. Were a sharp steepening to be found, rather surprisingly, we conclude that pulsar models would do at least as well as dark matter scenarios in terms of accounting for any spectral cut-off.
